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Abstract: Background: This in vitro study aimed to investigate and evaluate the values of water
sorption and water solubility of four types of denture base polymers—3D-printed NextDent 3D
Denture + (NextDent, 3D Systems, Soesterberg, The Netherlands), CAD/CAM milled Ivotion Base
(Ivotion Denture System, Ivoclar Vivadent, Schaan, Liechtenstein), PMMA conventional Vertex BasiQ
20 (Vertex Dental, 3D Systems, Soesterberg, The Netherlands), and conventional heat-cured BMS
(BMS Dental Srl, Rome, Italy)—which were subjected to artificial aging. Materials and methods:
200 specimens were created (n = 50), dried, and weighed accurately. They were immersed in artificial
saliva (T1 = 7 days, T2 = 14 days, T3 = 1 month) and re-weighed after water absorption. After
desiccation at 37 ◦C for 24 h and then at 23 ± 1 ◦C for 1 h, samples were weighed again. Next,
thermocycling (100 h, 5000 cycles, 5–55 ◦C) was performed, and the water sorption and solubility
were re-measured. IBM SPSS Statistics 0.26 was used for data analysis, revealing a direct correlation
between water sorption and material type. Thermocycling at 55 ◦C increased water sorption for BMS
and Vertex BasiQ 20. In conclusion, NextDent’s 3D-printed resin had higher water sorption values
throughout the study. Water solubility averages decreased over time, reaching the lowest in the 30-day
period for CAD/CAM milled dental resin Ivotion Base. The artificial aging had no effect on Ivotion
Base and NextDent’s water sorption. Thermocycling did not affect the solubility of the materials
tested. The conducted study acknowledges the great possibilities of dental resins for additive and
subtractive manufacturing for the purposes of removable prosthetics in daily dental practice.

Keywords: 3D printing; digital dentures; water sorption; water solubility; dimensional stability;
removable dentures

1. Introduction

There are numerous dental resins available today for the fabrication of removable
dentures [1]. Polymethyl methacrylate (PMMA) is the most used dental acrylic and is
utilized in the traditional heat polymerization procedure [2]. Polymethyl methacrylate
holds numerous advantageous attributes, positioning it as the most pertinent material
for the fabrication of removable prostheses [3–5]. These include easy processing with
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uncomplicated techniques and equipment, favorable aesthetic qualities, high resistance to
chemical degradation within the oral environment, and cost-effectiveness [6,7].

With the advancement of current technology, three-dimensional (3D) printing expands
the options for creating removable dentures and saves a significant amount of time and
effort for dentists and dental technicians [8–10]. The additive manufacturing process
is based on stereolithography (SLA) and includes methods for fabricating items layer
by layer [4]. The properties of the CAD/CAM materials differ because of the purpose
they are dedicated to, and different physio-mechanical changes may occur during their
use [11,12]. Compared to the traditional heat-polymerized PMMA used in removable
dentures, 3D-printed dental resins offer several benefits. These encompass a streamlined
laboratory process, time efficiency, and improved prosthetic-restoration planning [1,5,7].
However, both material types share drawbacks, such as eventual discoloration, which
adversely impacts both the aesthetics and the lasting success of prosthetic treatments [3,10].
Several research studies have indicated that 3D-printed dental resins offer superior optical
durability compared to PMMA resins in the context of removable prosthodontics [2,4,9].
The optical characteristics of denture base resins are highly significant, as they guarantee
both aesthetic appearance and patient comfort [6].

For the manufacturing of complete dentures composed of polymethyl methacrylate
(PMMA)-based resins, various processes, such as dough molding and compression or
injection molding, have been used [13]. On the other hand, traditional approaches in-
corporate several laboratory procedures [14]. As digital technology has advanced, new
computer-aided design and computer-aided manufacturing (CAD/CAM)-based techniques
for material processing in dentistry, such as subtractive milling (SM) and additive man-
ufacturing (AM), have arisen [15–17]. Even though both approaches rely on a digital
3D model created by CAD software for denture manufacturing, the two methods differ
significantly. In the milling technique, a complete denture is crafted at a milling station
using a pre-polymerized polymethylmethacrylate block produced with high pressure. A
significant drawback arises from the substantial product wastage following the completion
of the milling procedure [2]. On the other hand, additive manufacturing (3D printing)
represents a digital technique, in which 3D objects are created by successively depositing
material in layers to create a model [18–20]. Complete denture resins fabricated using
CAD/CAM milling and rapid prototyping exhibit comparable levels of biocompatibility
and surface roughness [21,22]. Nonetheless, the milled denture resins outperform the
rapidly prototyped ones in terms of their mechanical characteristics. The arrangement of
printing and the specific 3D printer utilized can impact both the strength of the resin and
the texture of the surface [23,24].

Technologies such as additive manufacturing and computer-aided design (CAD) are
having a substantial impact on all parts of dentistry [2]. Three-dimensional printing enables
the accurate construction of one-of-a-kind, complicated geometrical forms in a range of
materials and on a local or industrial scale from digital data [21]. Emerging AM technology
is changing the clinical and laboratory processes for making removable dentures [4,7]. Even
while practically everything we manufacture for our patients can now be made with a 3D
printer, no single technology can meet all of their needs [3,23].

The subtractive or CAD/CAM milling procedure involves milling the CD from a
commercially made pre-polymerized PMMA disc [9,10]. Many studies have shown that
milled resins have superior mechanical and surface properties, comparable color stability,
reduced microbial colonization [5,6], and a lower leech rate of residual monomer when
compared to compression molding resins because they are manufactured under high-
pressure and well-controlled conditions [2,25]. The additive manufacturing technique, also
known as rapid prototyping or 3D printing, also comprises serial apposition of the liquid
resin material on a support structure followed by curing with visible light, ultraviolet light,
heat, or a laser [3]. This layering and curing process is repeated until the CD shape specified
in the CAD is accomplished [7].
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Water sorption is the ability of dental materials to absorb liquids and change their
volume and weight [26,27]. This is a physical and chemical process, which can be defined
as a phenomenon of fixation or capture of a gas or a vapor (sorbate) by a substance in
a condensed state (solid or liquid) called sorbent [5]. Water solubility is a measure of
the amount of chemical substance that can dissolve in water at a specific temperature.
Solubility is generally expressed as the number of grams of solute in one liter of saturated
solution [7,18,22]. Denture base resins have low water solubility, which results from the
leaching out of unreacted monomer and soluble additives into the oral cavity. This is an
undesired property and may cause soft-tissue reactions [4].

Dental resins must not change their dimensions over time and must be resistant to
volumetric changes under all conditions [28,29]. The fitting of the denture base to the
alveolar ridges is significant for the retention of the removable denture [8]. Water sorption
properties inevitably affect the volumetric changes in dental resins, which might lead to
the aging of the material and, moreover, might seriously affect the stability of the denture
during masticatory function [30–32]. On the other hand, water sorption increases the
dimensions of the dentures and compensates for shrinkage, which occurs during the
polymerization process, and affects both conventional and 3D-printing techniques [9,33].

Conventional denture base resin has better flexural strength compared to 3D printed,
which shows inferior surface roughness and lower hardness values than the heat-cured
materials for removable dentures [8,12,27].

As the polymer material dries, the water is eliminated, and the polymer chains return
to their original position. If rewetting follows, the polymer chains expand again [10]. In this
way, a cycle of micro-movements of the chains is created, and microcracks appear between
the individual macromolecules, which can lead to fracture of the removable denture after
mechanical loading [11,12]. Saliva absorbed for one month leads to a linear expansion of
0.03%, and after nine months, it expands by 0.04 % [13]. A decrease in moisture or the
amount of solvent in the atmosphere results in further drying of the materials [33,34]. This
process continues until a certain percentage of drying of the substance is achieved or until
the desiccant is exhausted [14]. In addition to removing moisture from substances, solvents
can also be removed, depending on the choice of the appropriate desiccant [15,21].

According to the study by Perea-Lowery et al. [35], the water sorption of 3D-printed
plastics has a higher value compared to heat-polymerized ones. This could be related to the
polymerization process of conventional polymers, which takes place at a higher temperature
and for a longer period. Thus, it causes reduced water sorption, water solubility, and
residual monomer concentration, which have been demonstrated in several studies [36].

In addition, differences in the chemical composition of 3D-printed and PMMA acrylics
for removable dentures must be considered, as the type of dental resin plays a significant
role in the level of water absorption and water solubility [37–39]. Photosensitive ther-
moset liquid monomers such as urethane dimethacrylate (UDMA) and triethylene glycol
dimethacrylate (TEGDMA), photo-initiators, and additives are used for the manufacture
of printable resins [7,14,15]. A free-radical polymerization reaction begins when those
monomers are exposed to a sufficient light source. Terminal aliphatic C=C connections are
broken and transformed to main C-C covalent bonds between methacrylate monomers
during this process, causing the material to transition from a fluid to a solid state [19,40].

A very interesting aspect that occurred in the literature recently was the fractal dimen-
sion and texture analysis of materials [41,42], which showed that the flexural strength of
the tested samples had lower values [43].

Thermocycling is a laboratory technique for exposing dental materials to temperature
ranges similar to those found in the oral cavity, which can have negative consequences due to
different coefficients of thermal expansion between the mucosa and the tested materials [12,44].
Thermal cycling is considered to be one of the most severe thermal environments.

The purpose of the current study was to evaluate the water sorption and the water
solubility of two types of denture base resins—3D-printed dental resin and PMMA heat-
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polymerized conventional-type acrylic. In order to assess the influence of treatment and
storage conditions on the outcome variables, the following hypotheses were tested:

H0. Water sorption/water solubility and thermocycling will not significantly influence the dimen-
sions and the mass of the two groups of test samples.

H1. Water sorption/water solubility and thermocycling will significantly influence the dimensions
and the mass of the two groups of test samples.

2. Materials and Methods

For the aim of the current study, 200 (n = 50) samples, divided into four groups,
were prepared in the shape of a parallelepiped with dimensions of 20 mm by 20 mm in
width and length, respectively, and 3 mm in cross-sectional diameter. The shape of the
test specimens was modified exclusively for our research and following many similar
studies [24–27]. The methodological protocol was in accordance with the ISO standard
(ISO 20795 1: 2013) [19]. The shape and size of the test specimens were designed according
to the predetermined criteria using the non-parametric software Free CAD Version 0.19
(Hanau, Hessen, Germany), and an STL file was created for this purpose.

The first and second groups of experimental samples were made by Vertex BasiQ
(Vertex Dental, 3D Systems, Soesterberg, The Netherlands) and BMS 014 (BMS Dental Srl,
Rome, Italy) with two types of heat-polymerizing acrylic using a conventional flasking
method (Table 1).

Table 1. Denture base acrylic resins used in the study.

Product Composition Detail Manufacturer

BMS 014 Methyl methacrylate Heat curing BMS Dental Srl, Rome, Italy

Vertex BasiQ 20 PMMA Heat curing Vertex Dental, 3D Systems,
Soesterberg, The Netherlands

NextDent
Denture 3D+

Methacrylate-based
photopolymerized resin 3D printing NextDent, 3D Systems,

Soesterberg, The Netherlands

Ivotion Base
Polymethyl

methacrylate,
co-polymers

CAD/CAM
milling

Ivotion Denture System,
Ivoclar Vivadent,

Schaan, Liechtenstein

The wax samples were shaped and sized to match the test body accurately. Then they
were embedded in a dental stone (Elite Model, Class III, Zhermack, Rovigo, Italy) within
a metal flask, following the guidelines provided by the manufacturer. Once the dental
stone had solidified, the flask containing it was immersed in boiling water for a span of
3 min. Subsequently, the flask was taken out of the water and allowed to sit undisturbed
for an additional 3 min. Following this, the flask was opened, and the wax was removed.
This was accomplished by utilizing a blend of warm water and detergent, succeeded by
a round of boiling water, followed by a cooling phase. Once the cooling was completed,
a separation agent was administered to the surface of the plaster. For optimal results,
the manufacturer recommended the use of BMS ISOLANT (Spofadental, Jičín, Czechia).
The polymer was pre-weighed and mixed with the monomer in a weight ratio of 2:1 to
create the experimental bodies of thermosetting plastic. The polymer and monomer were
combined at room temperature in a clean porcelain vessel according to the manufacturer’s
specifications before being pressed for 30 min using a pneumatic press (Dentalfarm, Srl,
Torino, Italy). The acrylic was then polymerized using a heat-curing apparatus (KaVo
Elektrotechnisches Werk, Leutkirch, Germany). The temperature of the water gradually
increased from room temperature to 74 ◦C for 8 h, and then to 100 ◦C for 0.5 h. Flasks
were allowed to cool after polymerization and before specimen recovery. They were then
finished with tungsten carbide burs to remove the flashes (HM79GX-040-HP, Meisinger,
Centennial, CO, USA) at 18,000 rpm, and all of the surfaces were polished with silicon
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carbide papers with gradually increasing grits, beginning with 320, then 400, and finally
600, and slurry pumice with a soft bristle brush were used for the final polish (Steribim
Super, Bego, Wilhelm-Herbst-Strabe, Germany). The third group of experimental bodies
was made using the 3D printing method of NextDent Denture 3D+ (NextDent, 3D Systems,
Soesterberg, The Netherlands) for dental resin for removable dentures. The test samples
were 3D printed with dental resin for denture bases using a pre-generated STL file from the
software package. The STL file format, which replaces an object’s geometry with triangles,
is a standard for communicating three-dimensional information to 3D printers. NextDent’s
3D printer (NextDent 5100 DLP 3D Printer, 3D Systems, Budel, the Netherlands) was used
to apply the technology. Dental resin is a photopolymerizable liquid material that is based
on polymethyl methacrylate. It was inserted into the printer’s bottom tray.

The process in the 3D printer software could begin after the file was imported and
the 3D pictures of the trial bodies were positioned. The resin specimens were printed
with a layer thickness of 50 µm. This method required 95 min of exposure time. The
final experimental bodies were placed on a special platform at the top of the printer after
printing. Additional processing was performed on the samples, including the removal
of unpolymerized material from the surface by immersing them in isopropyl alcohol for
10 min. Isopropyl alcohol (IPA-2-propanol or rubbing alcohol) is a clear, powerful cleaning
medium that can be used on a variety of 3D printing materials.

The method for 3D-printed elements normally takes six minutes, and the IPA is
dissolved in distilled water at a 70% isopropyl alcohol: 30% distilled water ratio. After
washing, the test pieces were immersed in glycerin for 45 min in the final polymerization
furnace to react with the remaining monomers.

The last group of experimental samples was made from CAD/CAM resin discs for
subtractive manufacturing Ivotion Base (Ivotion Denture System, Ivoclar Vivadent, Liecht-
enstein). A wax prototype of the specimen was scanned, and the resultant scan data were
stored in standard tessellation language (STL). The data were transferred to CAM software
V4, Version 4.0 (PrograMill CAM software). Then a computer-aided machine automatically
milled the designed specimens from pre-polymerized CAD/CAM resin discs (100% weight,
PMMA) (Ivotion, Ivotion System, Ivoclar Vivadent, Liechtenstein) using a subtractive
technique. During the milling process, burs with a maximum diameter of 2.5 mm and
5-axis were utilized to accurately produce more fine details and to avoid overheating in
wet conditions, according to the manufacturer.

After the test samples were dried to their optimal mass, they were weighed using
analytical balances (Mettler—Toledo, Milan, Italy) with an accuracy of 0.0001 g to obtain
optimally precise results.

This was followed by immersion in artificial saliva, prepared by a chemist according
to a specific formula, for three periods (T1 = 7 days, T2 = 14 days, T3 = 1 month) and
calculating the new mass of the test bodies after water absorption (Table 2).

Table 2. Chemical composition of artificial saliva used in this study.

Component %

NaCl 0.0856

KCl 0.1200

MgCl2 × 6H2O 0.0052

Mannitol 0.2000

K2HPO4 0.0456 0.0456

Carbomer 974P 0.1000 0.1000

NaOH 10% 0.4000 0.4000
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Table 2. Cont.

Component %

CaCl2 × 2H2O 0.0148 0.0148

KH2PO4 0.0272 0.0272

Purified Water 96.9016 96.9016

Figure 1 represents the planned shape of the 3D model, which recreates the actual
geometry of the test bodies.
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Figure 1. A 3D model of the dimensions of the resin specimens using the software 3D-Viewer.

The test samples were placed on a porcelain tile in one of the desiccators. The desiccator
(ISKO, Gupta Scientific & Glass Works, Haryana, India) was stored at a temperature of
37 ◦C for 24 h. Then the test samples were transferred directly into the second desiccator,
into which pre-dried silica gel was placed. The temperature conditions in which the
second desiccator was stored for 1 h were 23 ± 1 ◦C. In order not to disturb the vacuum
environment, it was of utmost importance that the desiccator was tightly sealed during the
test, except for the period necessary to remove and replace the test samples.

The same work cycle was continued until a consistent mass, known as the conditioned
mass, was obtained, i.e., when the mass loss of each sample between subsequent weighing
was less than 0.2 mg. The volume (V) of each specimen was calculated at this point
by taking the average of three length measurements and the average of five thickness
measurements. The specimen’s thickness was measured in the middle and at four evenly
spaced places 1.5 mm from its edge. During the measurements, the temperature storage
conditions were at room temperature. The volume of each test specimen was defined by
the mathematical formula of a rectangle (Equation (1)):

V = L × W × H (1)

Equation (1). The volume of a rectangular equation, where:

V—volume;
L—length;
W—width;
H—height (thickness).
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2.1. Water Sorption

The water sorption value for each sample was expressed in micrograms per cubic
millimeter using the following equation:

Wsp =
m2 − m3

V
(2)

Equation (2). Water sorption equation, where:

Wsp—water sorption;
m2—the mass of the test body after immersion in artificial saliva;
m3—the mass of the reconditioned experimental body in micrograms;
V—the volume of the test sample.

The samples were submerged in artificial saliva for 7 days at 37 ◦C. Following this
period, polymer-coated tweezers were used to extract the samples from the solution and
to dry them with a clean, dry cloth until no visible moisture remained. They were then
weighed for 60 s after being removed from the artificial saliva, and the mass was calculated
as m2. This was the weight of the test body after liquid absorption. Similarly, the same
methods were applied for the remaining two periods of the study—14 days and 1 month
(Figure 2).
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Figure 2. Design of the study.

After weight recovery, the test samples were conditioned to a constant mass in the
desiccator under the conditions already described. The masses of the reconditioned samples
were referred to as m3. To obtain objective results, it was essential to apply the same
conditions as in the first drying process (temperature, time, etc.), using the same number of
test specimens and freshly dried silica gel.
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2.2. Water Solubility

The experimental setup from the first subtask was used to complete this task. The test
specimens were placed in a desiccator filled with dried silica gel, which was utilized to
keep the plastic specimens at 37 ◦C (1 ◦C) for 24 h. After that, all test subjects were placed
in a second desiccator for 1 h at 23 ◦C (1 ◦C). They were then weighed to the nearest 0.1 mg
with an analytical balance. The drying cycle was repeated indefinitely until a consistent
mass (m1) was reached. The dried test specimens were immersed for three different periods
of time—7 days, 14 days, and 1 month—at a temperature of 37 ◦C (±1 ◦C). After removing
the plastic samples from the containers, they were left outside for 60 min and dried with a
clean paper towel before being weighed again (m2).

The water solubility values of the test bodies were calculated using the ISO standard
formula. Data were statistically processed using the IBM SPSS Statistics Version 26 software
program (SPSS Inc., Chicago, IL, USA).

Water solubility was determined by the ratio of solute per unit volume exposed during
immersion and expressed in micrograms per cubic millimeter for each test body using the
following formula (Equation (3)):

Wsl =
m1 − m3

V
(3)

Equation (3). Water solubility equation, where:

Wsl—water solubility;
m1—the conditioned mass of the sample;
m3—the mass of the reconditioned experimental body;
V—the volume of the experimental body;

Means were statistically treated with one-way analysis of variance (ANOVA) followed
by Duncan’s multiple range test to determine the significant difference between groups at
a p < 0.05 level of significance.

2.3. Thermocycling

Artificial aging was applied to the tested groups using the thermocycling device
LTC 100 (LAM Technologies, Italy). The LTC100 thermocycler is designed to simulate the
temperature variations that dental materials undergo in the oral cavity. The apparatus is
completely automatic and capable of complex and continuous simulations. Each group’s
samples were kept in distilled water (37 ◦C). Thermocycling was performed with 5000 cycles
between 5 ◦C and 55 ◦C (with a dwell time of 30 s). The simulation cycle was built as
a sequence of one or more profiles; each one could be repeated once or more. A profile
defines all the conditions in which the thermal changes occur. The automatic tank covering
system eliminates liquid evaporation while working, and the liquid level in the tanks is
automatically maintained constant through liquid level sensors and the reservoir tank.
This procedure is equivalent to a five-year cycle of oral temperature conditions [10]. The
obtained data were statistically analyzed (using one-way ANOVA), and the mean values
were compared using the Tukey test (α = 0.05).

3. Results
3.1. Water Sorption

To statistically process the data obtained from the study, a statistical method for
dispersion analysis was applied (one-way ANOVA analysis) for the three periods (with a
confidence interval of α < 0.05), with an aim to find out if there was a correlation between
the type of material and the measured values for water sorption (Figure 3).
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During a test comparing the obtained values for water sorption after 7 days with the
type of material, it was found that the obtained value for p was a much smaller value than
α < 0.05. As a result, there was a direct relationship between the material type and the
water sorption values produced.

When the statistical method was carried out analogously for a period of 14 days,
during which the obtained values for water sorption were compared with the type of
material, it was discovered that the obtained value for p was substantially less than 0.05.
Therefore, we can conclude that there was a direct correlation between the type of material
and the obtained values for water sorption for a period of 14 days (Table 3).

Table 3. One-way ANOVA—Immersion in artificial saliva for a period of 14 days.

One-Way
ANOVA Analysis Sum of Squares Degrees of Freedom Mean of Squares

In between the groups 249,217.7 1 249,217.7
In the groups 131,748.8 68 1937.482

Total 380,966.5 69

In a test comparing the obtained values for sorption after 1 month with the type of
material, it was found that the obtained value for p was much less than α < 0.05. Therefore,
there was a direct relationship between the type of material and the sorption values obtained
(Table 4).
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Table 4. One-way ANOVA—Immersion in artificial saliva for a period of 1 month.

One-Way
ANOVA Analysis Sum of Squares Degrees of Freedom Mean of Squares

In between groups 479,605.2 1 479,605.2
In the groups 509,813.8 68 7497.262

Total 989,419.1 69

The mean values for both studied materials were similar for the first 7 days of im-
mersion in artificial saliva, as shown in Diagram 5, with the heat-polymerized material
exhibiting greater changes. In both dental resins, there was an increase. For Ivotion Base
and NextDent, the mean values for water sorption were the highest after 1 month of
immersion in artificial saliva (Figure 4).
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Figure 4. Mean values of the water sorption of the four dental resin types in the different observa-
tion periods.

The values for the water sorption of Vertex BasiQ 20 were more consistent during
the three periods of time, and there was a steady increase, with the highest mean after
1 month. The highest values for water sorption after 30 days were for Ivotion Base, followed
by NextDent.

3.2. Water Solubility

To statistically process the data obtained from the conducted research, a one-way
ANOVA analysis was performed. To determine whether the obtained water solubility
values had a correlational dependence on the type of material, we chose a confidence
interval of α < 0.05. The values for standard deviation and mean difference for all four
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experimental groups are presented in Figure 5. Decreased water solubility is indicated as a
negative numerical value.
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Figure 5. Standard deviation values of Vertex BasiQ 20 for water solubility.

In the test conducted comparing the obtained values for water solubility after a period
of 7 days with the type of material, we found that the value for p was a much larger value
than α < 0.05. Therefore, we can conclude that there was no direct correlation between the
type of material and the obtained water solubility values (Table 5).

Table 5. One-way ANOVA for immersion period of 7 days.

One-Way
ANOVA Analysis Sum of Squares Degrees of Freedom Mean of Squares

In between the groups 6051.2 1 6051.2
In the groups 17,257.58 68 253.788

Total 23,308.78 69

As a result of the statistical test conducted, in which the obtained values for water
solubility after 14 days were compared with the type of material, it was found that the
obtained value for p was a smaller value than α < 0.05. Therefore, there was a direct
correlation between the type of material and the obtained water solubility values (Table 6).

Table 6. One-way ANOVA—results after 14 days.

One-Way
ANOVA Analysis Sum of Squares Degrees of Freedom Mean of Squares

In between the groups 0.167 1 0.167
In the groups 574.61 68 8.45

Total 574.777 69
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For a period of 1 month after the test comparing the obtained values for water solubility
with the type of material, it was proved that the obtained value for p was equal to 0.002,
which was a smaller value than α < 0.05. Therefore, we conclude that there was a direct
correlation between the type of material and the water solubility values obtained (Table 7).

Table 7. One-way ANOVA for immersion period of 1 month.

One-Way
ANOVA Analysis Sum of Squares Degrees of Freedom Mean of Squares

In between the groups 8340.2 1 8340.2
In the groups 29,357.58 68 418.968

Total 40,508.78 69

As a result of the processed statistical data, we can summarize that for a period of
7 days, there was no correlation between the period of stay of the materials in artificial
saliva and the type of material itself. For the remaining periods, we observe that there was
a dependence between the material type and the residence time of the materials in artificial
saliva and, accordingly, the degree of their water solubility.

A correlational dependence was established between the studied period and the
value of p, which progressively decreased with an increase in the stay of the materials in
artificial saliva.

3.3. Thermocycling

A Tukey test was applied in order to compare each type of material before and after
thermocycling (Figure 6). All p values were equal to 0.05, confirming that the process of
artificial aging was significant and a factor in the property changes in the test specimens.
For the three immersion periods after thermocycling, the values of the water sorption
increased gradually in Vertex BasiQ 20 and BMS. The process of artificial aging did not
affect the values of NextDent and Ivotion Base. Thermocycling did not influence the tested
groups’ water solubility values.
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4. Discussion

The findings show that both types of dental resin materials for removable dentures
meet the requirements regarding water sorption and water solubility given in the standard
ISO 20795-1, measured before and after thermocycling according to a modified method [45].

The study of Gad et al. revealed that the water sorption of 3D-printed resins increased
in comparison to heat-polymerized resin [46]. This finding is similar to a previous study
reporting that the sorption of 3D-printed acrylic resins increased in comparison to pressed
resin for occlusal devices [47].

According to ISO 20795, during the storage of the specimens, 32 µg/mm3 (water sorp-
tion) is the acceptable volumetric mass increase in denture base materials per volume [45].
All water sorption values of the tested 3D-printed specimens were lower than the ISO
recommendation for maximum water sorption [48]. The results for the 3D-printed resin
showed that they are suitable for clinical application [49]. However, further investigations
are required to present the variations in water sorption between 3D-printed materials and
conventional dental resins for removable dentures.

The findings of Vallittu et al. showed that the increased amount of water sorption
could be caused by the printed layering technique [50]. The absorbed water enters be-
tween the layers into the resin’s polymer; thus, the interpolymeric spaces are filled with
water, which penetrates the empty spaces and voids, forcing the polymer chain away
from other chains [51–54]. This theory was confirmed using the method of electron mi-
croscopy [55]. Water–polymer chain interactions may cause changes in mechanical strength,
minor chemical degradation, and elution of residual monomers [56–58].

The results of the current study showed that the water sorption of 3D-printed resins
increased in comparison to the conventional resin for removable dentures [59,60]. Water
sorption is a diffusion-controlled process, which occurs through penetration into empty
spaces, such as micro-voids, or by a molecular interaction [61,62]. The degree of resin
polarity is of great importance for the progress of this process. As a result, water sorption
is one of the most remarkable properties when assessing denture base durability [63,64].

In our study, two groups of test samples of denture base polymers were investigated,
similar to the study of Bagheri et al. [65]. According to their investigation, excessive solubil-
ity of plastics for removable prosthetic structures can lead to surface deformations. While
the solubility of methacrylate-based polymers in various solutions has been extensively
studied, to our knowledge, very little information is available regarding the solubility of
3D-printed plastics for removable prosthetics [66,67].

In the current research, the experimental specimens were subjected to different storage
conditions. The temperature in the first desiccator was 37 ◦C, while in the second, it
was decreased to 23 ± 1 ◦C. Then all test samples were measured at room temperature.
According to the investigation of Silva et al. [68], all these changes could influence many
of the materials’ mechanical properties, such as fracture toughness and the hardness of
the polymers.

The average solubility values presented by the tested composite resins according to
ISO 4049: 2019 ranged from 2.3 to 4.2 µg/mm3; these values are lower than the maximum
value established by the ISO 4049: 2019 standard (<7.5 µg/mm3) [69]. The results of the
current study showed that the solubilities of all the materials in all the solutions were
acceptable according to ISO 4049: 2019. This coincides with the data obtained from our
study on the solubility of the two types of plastics for removable prosthetic restorations.

According to the study by Labban et al. [70], the density in methacrylate-based resin
composites can vary because of free-radical polymerization, causing heterogeneity in the
polymerized material that can facilitate the trapping of residual monomers from where
they can easily be removed. Compared to the polymerization of methacrylate-based
plastics, the photoactivated cationic polymerization process of silorane resins is relatively
insensitive to oxygen. This not only reduces polymerization shrinkage but also increases
the degree of conversion [71,72]. In their study, Petropoulou et al. [46] compared the water
solubility of four groups of experimental samples. As a result of the results obtained, it
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was concluded that the reported solubility values were mainly influenced by the material
characteristics, and the variations occurring between materials of the same type were
attributed to differences in the composition of the polymer chains [73].

In our research, the test samples were subjected to artificial aging using thermocycling,
which provided interesting results—the water solubility of Vertex BasiQ 20 increased
significantly, while NextDent was not affected at all. Various aging approaches, including
water storage, thermocycling, and storage in sodium hypochlorite (NaOCl) solution, either
separately or in combination, have been utilized in other studies to predict the long-term
clinical performance of adhesive systems [74,75]. Water storage aging involves submerging
samples in distilled water at 37 ◦C for 3 to 12 months to partially mimic oral environmental
conditions [23]. Meanwhile, thermocycling employs 5000 to 30,000 cycles of alternating
hot and cold water to simulate the stresses of the oral environment, potentially leading
to gap formation along the adhesive interface and allowing fluid infiltration. The storage
method of immersing samples in a 10% NaOCl solution, lasting 1 to 5 h, leverages the
proteolytic properties of hypochlorite to imitate aging effects by degrading the organic
resin and tooth interface components, including unprotected collagen fibrils [76]. Three-
dimensional printing materials, such as composite cements, are made of dimethacrylates or
higher-functional materials (3–6 methacylate or acrylate groups), which means they are
highly densely cross-linked, resulting in inferior sorption and solubility [77]. According
to the study of Ghavami-Lahiji [78], the process of thermocycling significantly decreased
the hardness and flexural strength of the experimental bodies. Furthermore, in the study
of Yap et al. [79], for all treatment groups, the water solubility values of the experimental
samples were not affected.

Thermocycling emerged as the technique that led to the most significant deterioration
of the bonding interface and resulted in the weakest bonding strength [80]. After assess-
ment, it was identified as the most suitable technique for simulated aging. As a result, it
was chosen for the present study’s objectives. Conversely, the storage method involving
NaOCl demonstrated an enhancement in bond strength under the assessed circumstances.

The limitations of the conducted study can be summarized in the following:

- Because this experimental research provides such a high level of control, it can produce
results that are specific and relevant with consistency. It is possible to determine the
values of the water sorption and water solubility, making it possible to evaluate the
properties of the two types of dental resin in a much shorter amount of time compared
to other verification methods [55].

- Secondly, the data can be corrupted to seem like they are positive, but because the clin-
ical environment is so different from the controlled laboratory environment, positive
results could never be achieved outside of experimental research.

5. Conclusions

From the obtained results, it can be summarized and concluded that:

• The direct correlational dependence is obvious not only between the acquired values
for water sorption but also between the kinds of materials, which is significant for the
materials’ dimensional qualities.

• For all four types of test samples, increasing the imbibition times increased the imbibi-
tion of artificial saliva.

• For all durations of the current study, the mean difference values for water sorption
were higher for NextDent and CAD/CAM milled Ivotion Base 3D-printed resin for
removable dentures. The average values for water solubility gradually decreased
with time, reaching their lowest point after one month (30 days) for test samples
manufactured with 3D-printed dental resin.

• Thermocycling of BMS and Vertex BasiQ 20 at an upper temperature of 55 ◦C enhanced
water sorption significantly but did not influence NextDent readings.

• Thermocycling did not affect the water solubility of the materials studied.
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8. Prpić, V.; Schauperl, Z.; Ćatić, A.; Dulčić, N.; Čimić, S. Comparison of Mechanical Properties of 3D-Printed, CAD/CAM, and
Conventional Denture Base Materials. J. Prosthodont. 2020, 29, 524–528. [CrossRef]

9. Raszewski, Z.; Chojnacka, K.; Kulbacka, J.; Mikulewicz, M. Mechanical Properties and Biocompatibility of 3D Printing Acrylic
Material with Bioactive Components. J. Funct. Biomater. 2023, 14, 13. [CrossRef]

10. Kul, E.; Abdulrahim, R.; Bayındır, F.; Matori, K.A.; Gül, P. Evaluation of the color stability of temporary materials produced with
CAD/CAM. Dent. Med. Probl. 2021, 58, 187–191. [CrossRef]

11. Hristov, I.; Kalachev, Y.; Grozev, L. Application of Soft Relining Materials in Dental Medicine—Clinical Results. Folia Medica 2020,
62, 147–158. [CrossRef] [PubMed]

12. Gad, M.M.; Abualsaud, R.; Alqarawi, F.K.; Emam, A.-N.M.; Khan, S.Q.; Akhtar, S.; Mahrous, A.A.; Al-Harbi, F.A. Translucency of
nanoparticle-reinforced PMMA denture base material: An in-vitro comparative study. Dent. Mater. J. 2021, 40, 972–978. [CrossRef]
[PubMed]

https://doi.org/10.1590/1678-7757-2017-0383
https://www.ncbi.nlm.nih.gov/pubmed/29742260
https://doi.org/10.1016/j.prosdent.2019.05.034
https://doi.org/10.1155/2014/150298
https://www.ncbi.nlm.nih.gov/pubmed/24734225
https://doi.org/10.3390/polym12102299
https://www.ncbi.nlm.nih.gov/pubmed/33049984
https://doi.org/10.3144/expresspolymlett.2010.66
https://doi.org/10.1111/jopr.13413
https://www.ncbi.nlm.nih.gov/pubmed/34347351
https://doi.org/10.1111/jopr.13175
https://doi.org/10.3390/jfb14010013
https://doi.org/10.17219/dmp/126745
https://doi.org/10.3897/folmed.62.e49799
https://www.ncbi.nlm.nih.gov/pubmed/32337902
https://doi.org/10.4012/dmj.2020-296
https://www.ncbi.nlm.nih.gov/pubmed/33883327


J. Compos. Sci. 2023, 7, 339 16 of 18

13. Alp, G.; Murat, S.; Yilmaz, B. Comparison of flexural strength of different CAD/CAM PMMA-based polymers. J. Prosthodont.
2019, 28, 491–495. [CrossRef]

14. Miéssi, A.C.; Goiato, M.C.; dos Santos, D.M.; Dekon, S.F.d.C.; Okida, R.C. Influence of storage period and effect of different
brands of acrylic resin on the dimensional accuracy of the maxillary denture base. Braz. Dent. J. 2008, 19, 204–208. [CrossRef]

15. Katreva, I.; Dikova, T.; Abadzhiev, M.; Tonchev, T.; Dzhendov, D.; Simov, M.; Angelova, S.; Pavlova, D.; Doychinova, M.
3D-printing in contemporary prosthodontic treatment. Scr. Sci. Med. Dent. 2016, 2, 7–11. [CrossRef]

16. Dimitrova, M.; Corsalini, M.; Kazakova, R.; Vlahova, A.; Chuchulska, B.; Barile, G.; Capodiferro, S.; Kazakov, S. Comparison
between Conventional PMMA and 3D Printed Resins for Denture Bases: A Narrative Review. J. Compos. Sci. 2022, 6, 87.
[CrossRef]

17. Hada, T.; Kanazawa, M.; Iwaki, M.; Katheng, A.; Minakuchi, S. Comparison of Mechanical Properties of PMMA Disks for
Digitally Designed Dentures. Polymers 2021, 13, 1745. [CrossRef] [PubMed]

18. Polyzois, G.L.; Tarantili, P.A.; Frangou, M.J.; Andreopoulos, A.G. Fracture force, deflection at fracture, and toughness of repaired
denture resin subjected to microwave polymerization or reinforced with wire or glass fiber. J. Prosthet. Dent. 2001, 86, 613–619.
[CrossRef]

19. Yankova, M.; Yordanov, B.; Dimova-Gabrovska, M.; Apostolov, N. Resilient Lining Materials for Removable Dentures: Types,
Composition and Technology. J. IMAB 2019, 25, 2632–2639. [CrossRef]

20. Agarwal, M.; Nayak, A.; Hallikerimath, R. A study to evaluate the transverse strength of repaired acrylic denture resins with
conventional heat-cured, autopolymerizing and microwave-cured resins: An in vitro study. J. Indian Prosthodont. Soc. 2008, 8,
36–41. [CrossRef]

21. Faot, F.; Da Silva, W.J.; Da Rosa, R.S.; Del Bel Cury, A.A.; Garcia, R.C.M.R. Strength of denture base resins repaired with auto-and
visible light-polymerized materials. J. Prosthodont. Dent. 2009, 18, 496–502. [CrossRef]

22. Murphy, W.; Huggett, R.; Handley, R.; Brooks, S. Rigid cold curing resins for direct use in the oral cavity. Br. Dent. J. 1986, 160,
391–394. [CrossRef]

23. Pancheva, R.; Konstantinova, D.; Dimova-Gabrovska, M. Nutrition in subjects with complete dentures: Energy and macronutrient
intake. J. IMAB 2018, 24, 2104–2108. [CrossRef]

24. Polyzois, G.L.; Handley, R.W.; Stafford, G.D. Repair strength of denture base resins using various methods. Eur. J. Prosthodont.
Restor. Dent. 1995, 3, 183–186.

25. Jacobsen, N.L.; Mitchell, D.L.; Johnson, D.L.; Holt, R.A. Lased and sandblasted denture base surface preparations affecting
resilient liner bonding. J. Prosthet. Dent. 1997, 78, 153–158. [CrossRef] [PubMed]

26. Hadjieva, H.; Dimova, M.; Peev, T. Total rehabilitation by edentulous patients with irregularity of the alveolar ridges. J. IMAB
2005, 11, 50–52.

27. Dimova, M.; Hadjieva, H. Total prosthetics in function. J. IMAB 2006, 12, 42–44.
28. Hadjieva, H.; Dimova, M.; Hadjieva, E.; Todorov, S. Changes in the vertical dimension of occlusion during the different periods of

complete denture wear—A comparative study. J. IMAB 2014, 20, 546–549. [CrossRef]
29. Dimova-Gabrovska, M.; Dimitrova, D.; Mitronin, V. Removable Prosthetic Treatment in children—Literature review. J. IMAB

2018, 24, 2172–2176. [CrossRef]
30. Cavalcanti, Y.W.; Bertolini, M.M.; Cury, A.A.D.B.; da Silva, W.J. The effect of poly (methyl methacrylate) surface treatments on the

adhesion of silicone-based resilient denture liners. J. Prosthet. Dent. 2014, 112, 1539–1544. [CrossRef]
31. Bail, M.; Jorge, J.H.; Urban, V.M.; Campanha, N.H. Surface roughness of acrylic and silicone-based soft liners: In vivo study in a

rat model. J. Prosthodont. 2014, 23, 146–151. [CrossRef]
32. Habib, S.R.; Vohra, F.A. Replacing existing dentures by copy-denture technique for geriatric patients: A case report. J. Pak. Dent.

Assoc. 2013, 22, 265–270.
33. Perea-Lowery, L.; Gibreel, M.; Vallittu, P.K.; Lassila, L.V. 3D-Printed vs. Heat-Polymerizing and Autopolymerizing Denture Base

Acrylic Resins. Materials 2021, 14, 5781. [CrossRef] [PubMed]
34. Abduo, J.; Lyons, K.; Bennamoun, M. Trends in Computer-Aided Manufacturing in Prosthodontics: A Review of the Available

Streams. Int. J. Dent. 2014, 2014, 783948. [CrossRef]
35. Sun, J.; Zhang, F.Q. The application of rapid prototyping in prosthodontics. J. Prosthodont. 2012, 21, 641–644. [CrossRef]
36. Georgiev, J.; Vlahova, A.; Kissov, H.; Aleksandrov, S.; Kazakova, R. Possible application of BioHPP in prosthetic dentistry: A

literature review. J. IMAB 2018, 24, 1896–1898. [CrossRef]
37. Jadhav, V.; Deshpande, S.; Radke, U.; Mahale, H.; Patil, P.G. Comparative evaluation of three types of denture base materials with

saliva substitute before and after thermocycling: An in vitro study. J. Prosthet. Dent. 2021, 126, 590–594. [CrossRef]
38. Dimitrova, M.; Chuchulska, B.; Zlatev, S.; Kazakova, R. Colour Stability of 3D-Printed and Prefabricated Denture Teeth after

Immersion in Different Colouring Agents—An In Vitro Study. Polymers 2022, 14, 3125. [CrossRef]
39. Official Web Page of NextDent. Available online: https://nextdent.com/products/denture-3dplus/ (accessed on 12 July 2022).
40. Zhekov, Y. Speciality in the Application of Fibrous Composite Splints, Made by CAD/CAM Technology, in the Treatment of

Periodontally Compromised Teeth. Ph.D. Thesis, Medical University, Plovdiv, Bulgaria, 2021.
41. Gomes dos Santos, D.; Barbosa de Lima, A.G.; Silva Pinto, M.V. Mechanical Characterization and Water Sorption in Polyester

Matrix Composites Reinforced with Sisal Fiber: An Experimental Investigation. Defect Diffus. Forum 2016, 369, 144. [CrossRef]

https://doi.org/10.1111/jopr.12755
https://doi.org/10.1590/S0103-64402008000300005
https://doi.org/10.14748/ssmd.v1i1.1446
https://doi.org/10.3390/jcs6030087
https://doi.org/10.3390/polym13111745
https://www.ncbi.nlm.nih.gov/pubmed/34073564
https://doi.org/10.1067/mpr.2001.120069
https://doi.org/10.5272/jimab.2019253.2632
https://doi.org/10.4103/0972-4052.43252
https://doi.org/10.1111/j.1532-849X.2009.00470.x
https://doi.org/10.1038/sj.bdj.4805870
https://doi.org/10.5272/jimab.2018243.2104
https://doi.org/10.1016/S0022-3913(97)70119-7
https://www.ncbi.nlm.nih.gov/pubmed/9260132
https://doi.org/10.5272/jimab.2014203.546
https://doi.org/10.5272/jimab.2018243.2172
https://doi.org/10.1016/j.prosdent.2013.07.031
https://doi.org/10.1111/jopr.12074
https://doi.org/10.3390/ma14195781
https://www.ncbi.nlm.nih.gov/pubmed/34640178
https://doi.org/10.1155/2014/783948
https://doi.org/10.1111/j.1532-849X.2012.00888.x
https://doi.org/10.5272/jimab.2018241.1896
https://doi.org/10.1016/j.prosdent.2020.07.014
https://doi.org/10.3390/polym14153125
https://nextdent.com/products/denture-3dplus/
https://doi.org/10.4028/www.scientific.net/DDF.369.131


J. Compos. Sci. 2023, 7, 339 17 of 18

42. Greil, V.; Mayinger, F.; Reymus, M.; Stawarczyk, B. Water sorption, water solubility, degree of conversion, elastic indentation
modulus, edge chipping resistance and flexural strength of 3D-printed denture base resins. J. Mech. Behav. Biomed. Mater. 2023,
137, 105565. [CrossRef]

43. Alhotan, A. A Comparative Investigation of the Physical and Mechanical Properties of Conventional and Light-Cured Denture
Base Materials. Ph.D. Thesis, University of Manchester, Manchester, UK, 2018.

44. Mathew, M.; Shenoy, K.; Ravishankar, K.S. Evaluation of porosity and water sorption in conventionally cured modified polymethyl
methacrylate resin—An in vitro study. J. Evol. Med. Dent. Sci. 2021, 10, 930–934. [CrossRef]

45. ISO 20795-1:2013; Dentistry—Base Polymers—Part 1: Denture Base Polymers. International Organization of Standardization
(ISO): Geneva, Switzerland, 2013. Available online: https://www.iso.org/obp/ui/#iso:std:iso:20795:-1:ed-2:v1:en (accessed on 3
July 2022).

46. Gad, M.M.; Alshehri, S.Z.; Alhamid, S.A.; Albarrak, A.; Khan, S.Q.; Alshahrani, F.A.; Alqarawi, F.K. Water Sorption, Solubility,
and Translucency of 3D-Printed Denture Base Resins. Dent. J. 2022, 10, 42. [CrossRef] [PubMed]

47. Malacarne, J.; Carvalho, R.M.; de Goes, M.F.; Svizero, N.; Pashley, D.H.; Tay, F.R.; Yiu, C.K.; Carrilho, M.R. Water sorp-
tion/solubility of dental adhesive resins. Dent. Mater. 2006, 22, 973–980. [CrossRef]

48. Bayarsaikhan, E.; Lim, J.-H.; Shin, S.-H.; Park, K.-H.; Park, Y.-B.; Lee, J.-H.; Kim, J.-E. Effects of Postcuring Temperature on
the Mechanical Properties and Biocompatibility of Three-Dimensional Printed Dental Resin Material. Polymers 2021, 13, 1180.
[CrossRef] [PubMed]

49. Alshamrani, A.; Alhotan, A.; Kelly, E.; Ellakwa, A. Mechanical and Biocompatibility Properties of 3D-Printed Dental Resin
Reinforced with Glass Silica and Zirconia Nanoparticles: In Vitro Study. Polymers 2023, 15, 2523. [CrossRef]

50. Vallittu, P.K.; Ruyter, I.E. The swelling phenomenon of acrylic resin polymer teeth at the interface with denture base polymers. J.
Prosthet. Dent. 1997, 78, 194–199. [CrossRef]

51. Aati, S.; Akram, Z.; Shrestha, B.; Patel, J.; Shih, B.; Shearston, K.; Ngo, H.; Fawzy, A. Effect of post-curing light exposure time on
the physico-mechanical properties and cytotoxicity of 3D-printed denture base material. Dent. Mater. 2022, 38, 57–67. [CrossRef]

52. Gao, W.; Zhang, Y.; Ramanujan, D.; Ramani, K.; Chen, Y.; Williams, C.B.; Wang, C.C.L.; Shin, Y.C.; Zhang, S.; Zavattieri, P.D. The
status, challenges, and future of additive manufacturing in engineering. Comput.-Aided Des. 2015, 69, 65–89. [CrossRef]

53. Batisse, C.; Nicolas, E. Comparison of CAD/CAM and Conventional Denture Base Resins: A Systematic Review. Appl. Sci. 2021,
11, 5990. [CrossRef]

54. Grande, F.; Tesini, F.; Pozzan, M.C.; Zamperoli, E.M.; Carossa, M.; Catapano, S. Comparison of the Accuracy between Denture
Bases Produced by Subtractive and Additive Manufacturing Methods: A Pilot Study. Prosthesis 2022, 4, 151–159. [CrossRef]

55. Anadioti, E.; Musharbash, L.; Blatz, M.B.; Papavasiliou, G.; Kamposiora, P. 3D printed complete removable dental prostheses: A
narrative review. BMC Oral Health 2020, 20, 343. [CrossRef] [PubMed]

56. Chuchulska, B.; Zlatev, S. Linear dimensional change and ultimate tensile strength of polyamide materials for denture bases.
Polymers 2021, 13, 3446. [CrossRef]

57. Keenan, P.L.; Radford, D.R.; Clark, R.K. Dimensional change in complete dentures fabricated by injection molding and microwave
processing. J. Prosthet. Dent. 2003, 89, 37–44. [CrossRef] [PubMed]

58. Grzebieluch, W.; Kowalewski, P.; Grygier, D.; Rutkowska-Gorczyca, M.; Kozakiewicz, M.; Jurczyszyn, K. Printable and Machinable
Dental Restorative Composites for CAD/CAM Application—Comparison of Mechanical Properties, Fractographic, Texture and
Fractal Dimension Analysis. Materials 2021, 14, 4919. [CrossRef] [PubMed]
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